. Development of a method for the simultaneous detection of Cr(iii) and Cr(vi) in exhaled breath condensate samples using μLC-ICP-MS. Journal of analytical atomic spectrometry, 31 (4), 924-933. The method described in this study is a robust and sensitive method for the simultaneous determination of trivalent and hexavalent chromium (Cr(III) and Cr(VI)) in an exhaled breath condensate (EBC) sample and drinking water proficiency testing material sample. The method uses a hyphenated micro liquid chromatography (mLC) system coupled to inductively coupled plasma mass spectrometry (ICP-MS). The optimised method incorporates a pH adjusted EDTA complexation step to stabilise Cr(VI) and Cr(III).
Introduction
Trivalent chromium is biologically important as an essential element for humans, needed for glucose and lipid metabolism.
1
Hexavalent chromium however is considered toxic and IARC has classied it as a group 1 agent, dened as carcinogenic to humans.
2 Hexavalent chromium is known to cause lung and nasal cancer as well as other health conditions such as skin allergies, skin ulcerations, nasal perforations, respiratory problems, kidney and liver damage.
3 Trivalent chromium [+3, Cr(III)] is the most common form of chromium, whilst hexavalent chromium [+6, Cr(VI)] is rarely found naturally in the environment, therefore the majority of hexavalent chromium is a product of industry and manufacturing. 4 Chromium compounds are occupationally important in many industries such as the production and welding of stainless steel including cutting and nishing, electroplating, smelting, pigments and paints used in aerospace and maritime industries, construction and those using pesticides and tanning agents. 4 Exposure to Cr(VI) and its compounds can occur by ingestion or dermal exposure but in some industries the inhalation of fumes and mists is most likely. Upon exposure to Cr(VI), the body naturally reduces Cr(VI) to Cr(III) 5, 6 before it is excreted in the urine, with studies suggesting occupational exposure to chromium mainly via inhalation results in elimination half-lives of 7 hours and 15-30 days. 7 Apart from in bacterial cells, there is no evidence of humans or other biological systems having the ability to re-oxidise Cr(III) back to Cr(VI). 8 One approach to assessing occupational exposure uses biological monitoring, involving the measurement of total chromium (without differentiation of Cr(III) and Cr(VI)) in a urine sample. Background unexposed reference ranges and occupational guidance values for total chromium in urine have been established in the UK, 9 Germany 10 and the US. 11 Cr(VI) has the ability to permeate cell membranes meaning Cr(VI) can also be measured in red blood cells (RBC), 12, 13 determined as Cr(III). Once inside RBCs Cr(VI) is rapidly reduced to Cr(III) as it binds with haemoglobin and other proteins. 6, 12 Methods for the separate measurements of Cr(III) and Cr(VI) have focused on the assessment of environmental sources of exposure such as natural water, 14, 15 drinking water, 14, 15 waste water 16 and industrial waste. 17 Whilst the measurement of total chromium in urine is a practical bio-monitoring approach, it does not give a comprehensive picture of exposure. It is possible that an alternative biological matrix to measure exposure to Cr(VI) for those exposed through inhalation might be exhaled breath condensate (EBC). EBC is the non-invasive collection of condensate from cooled exhaled breath during regular tidal breathing. The collection of exhaled air will contain mostly water vapour but also droplets of uid from the respiratory tract, 18 meaning EBC measurements will reect markers and molecules from the mouth, tracheobronchial system and the alveoli.
19 EBC is reported to contain both volatile substances in the gaseous phase along with low volatile and non-volatile substances in droplets. 20 The non-volatile substances will include salts, proteins, lipids, and environmental contaminants. [18] [19] [20] Because EBC is relatively free of the interfering solutes found in other biological matrices it represents a suitable biological matrix for elemental analysis to assess inhalation exposure to trace elements. Studies have already shown that occupationally inhaled elements have been detected in EBC for cobalt and tungsten, 21, 22 iron, nickel and total chromium,
23,24
manganese 25 and hexavalent chromium (using liquid/liquid solvent extraction and analysis by electrothermal atomic absorption spectrometry). 26 There are currently no publications for the simultaneous detection and determination of Cr(III) and Cr(VI) in an EBC sample. Due to the difference in toxicities of Cr(III) and Cr(VI) and the conversion from Cr(VI) to Cr(III) in the human body aer exposure, it is important to measure both species of chromium to enable a more comprehensive picture of exposure assessment.
In order to measure Cr(III) and Cr(VI) it is necessary to maintain the integrity of each species in the sample. ). 3, 27 In extremely acidic conditions only, hexavalent chromium exists as H 2 CrO 4 ; in these acidic conditions hexavalent chromium is a potent oxidant, which aer oxidising can also begin to reduce to trivalent chromium compounds. In the pH range of 2-6 hexavalent chromium compounds exist as HCrO . 3, 8, 27, 28 Due to this pH dependence and the fact that trivalent chromium compounds are typically cationic in solution and hexavalent chromium compounds are typically anionic in solution, speciation using ion exchange chromatography methodologies is an analytical challenge. These challenges have resulted in analysis either only determining Cr(VI) using colorimetric analysis with diphenylcarbohydrazide (DPC) 15 or by determining both Cr(VI) by anion chromatography and total chromium to calculate Cr(III) by subtraction.
14 Cr(III) and Cr(VI) have been simultaneously determined by ICP-MS using reverse phase chromatography combined with ion-pairing reagents.
27,29 The use of non-traditional HPLC chromatographic methods such as solid phase extraction based fractionation, 14, 30, 31 micro columns (PTFE tubes lled with activated alumina) [32] [33] [34] [35] and short column capillary electrophoresis 36 with subsequent detection by AAS, ICP-AES or ICP-MS have all been employed as simple techniques to separate and determine Cr(III) and Cr(VI). Whilst all these methods have their own advantages and disadvantages (such as interferences, contamination, raised backgrounds, unsuitable limits of detection and time consuming procedures), it has meant that other research has focused on anion exchange chromatography coupled to ICP-MS. Both Chen et al. 37 and Pantsar-Kallio and Manninen 38 employed a dual column approach to overcome the issue of the opposite charges of the chromium species. Other authors overcame this ionic challenge by using derivatisation, where Cr(III) is complexed with EDTA to change the ionic charge from a cation to an anion complex, enabling separation of the two chromium species using the same sample injection on an anion exchange column.
39,40
Suzuki and Serita 41 were the rst to report this technique using HPLC-AAS, with Chen et al. 37 reporting that alternative complexing agents such as diethylenetriaminepentaacetic acid (DTPA) and 2,6-pyridinedicarboxylic acid (PDCA) were not as effective as EDTA. Other publications have reported the successful speciation of Cr(III) and Cr(VI) using newly introduced speciality anion columns with sulfonic and alkyl quaternary ammonium functional groups which boast both anionic and cationic properties, and have been employed by authors concerned with species' integrity related to sample pretreatment.
42-44
The initial aim of this study was to develop a speciation method to simultaneously determine both Cr(III) and Cr(VI) using a small anion exchange speciality column with cationic capabilities using a OneFAST system coupled to an ICP-MS. The method developed was then used to investigate the stability of both chromium species in an EBC sample with the view to establishing a viable technique to employ for workplace monitoring. The objective, being to establish a method to allow the collection and analysis of EBC samples from workers who may be occupationally exposed to hexavalent chromium.
Experimental

Reagents
Chromium speciation compounds potassium dichromate (K 2 Cr 2 O 7 ) and chromium(III) chloride (CrCl 3 ) were obtained from Fisher Scientic (Loughborough, UK). Ammonia solution (NH 3 ), UpA nitric acid and UpA hydrochloric acid was supplied by Romil (UK). Butan-1-ol was from Fisher Scientic (Loughborough, UK).
All solutions were made using ultrapure deionised water (18.2 MUhm cm) from a Millipore system (Merck Millipore, Billerica, MA, USA). Single standard stock solutions of 1000 mg L
À1
of Cr(III) and Cr(VI) were prepared fresh in water for each day of analysis.
A commercially available prociency testing material (PTM) from Sigma Aldrich (UK) for Cr(VI) in drinking water (Sample WS13-4 Lot LRAA1427) was used to validate the method. Manufacturer instructions suggest the PTM is diluted 100 fold in water. However for this study the PTM was diluted 1000 fold in water to more accurately reect the levels of Cr(VI) expected in EBC samples. Previous studies that measured total chromium in EBC 24 or Cr(VI) only in EBC 45 reported levels less than 10 mg L À1 and 5 mg L À1 of chromium in EBC respectively.
Instrumentation
Separation was achieved using a hyphenated mLC system with an ICP-MS (XSERIES 2, Thermo Fisher Scientic, Hemel Hempstead, UK). The separation of Cr(III) and Cr(VI) was achieved using a 5 cm anion exchange guard column, (Dionex IONPAC AG7 4 mm Â 50 mm i.d., 10 mm, Thermo Fisher Scientic). The Dionex AG7 anion exchange column has cationic exchange capability due to the presence of sulfonic and alkyl quaternary ammonium functional groups, and is suitable for a full pH range of 0-14. The micro-ow delivery of both sample and mobile phase was accomplished using an ESI OneFAST system (Elemental Scientic, Warrington, UK), with a six port switching valve and 500 mL sample loop. The ICP-MS was operated in collision cell (CCT) mode using 7% hydrogen in helium (approximately 3.5 mL min À1 ). The ICP-MS conditions were optimised daily using a 10 mg L À1 tuning solution containing arsenic, chromium, cobalt, indium and uranium (made in 1% (v/v) nitric acid from 1000 mg L À1 stock standards (ICP-MS standards, BDH, Poole, UK)). Table 1 summarises the ICP-MS and OneFAST operating conditions.
Exhaled breath condensate collection
EBC was collected using a portable TURBO-DECCS condenser (Transportable Unit for Research on Biomarkers Obtained from Disposable Exhaled Condensate Collection Systems) from ItalChill (Parma, Italy). This technique consists of a disposable respiratory system comprising of a mouthpiece connected to a one-way aspiration valve and saliva trap with an EBC sample collection tube at the end inserted into a temperature controlled chilling unit set at À5 C (see Fig. 1 ). The collection of exhaled air results in low sample volumes of EBC; 15 minutes of regular tidal breathing will typically provide less than 2 mL of EBC sample. It was necessary to collect large volumes of EBC from a volunteer not occupationally exposed to hexavalent chromium for use in method development as a blank sample and for recovery. In addition to the volunteer supplying the bulk EBC, ve further volunteers supplied EBC samples for the optimised method applications. Blank EBC was collected from the volunteer by regular tidal breathing through the mouth piece of the TURBO-DECCS. For the most part a complete seal around the mouthpiece with the mouth is maintained allowing periodic swallowing of any accumulated saliva.
Method development
See Fig. 2 for a ow chart outlining the six stages of the method development.
Sample storage experiment 1. Standards made in water. Individual chromium species standards of Cr(III) and Cr(VI), along with a mixed species standard, at a concentration of 5 mg L À1 were prepared in water.
Four aliquots of each of the three standards were pipetted into individual sample tubes. The rst set of aliquots was analysed by mLC-ICP-MS immediately aer preparation; the remaining sets were capped and one of each standard was stored in the freezer ($À20 C), the fridge ($4 C) and at laboratory room temperature ($22 C) for 24 hours. Aer 24 hours storage each aliquot was removed from their respective storage conditions, placed on a roller mixer and le to reach room temperature. Aer reaching room temperature each aliquot was analysed by mLC-ICP-MS. 2. Derivatisation by complexation of Cr(III) with EDTA. A solution of 0.5 mM EDTA was made in water and used to prepare a 5 mg L À1 Cr(III) standard. The standard was analysed immediately and again in 1 hour aer being le to stand at room temperature. 3. Effect of pH on the EDTA-Cr(III) complex and Cr(VI). In a preparation of 0.5 mM EDTA in water, the pH is 5. Six solutions of 0.5 mM EDTA were prepared; ve of those solutions were adjusted to achieve six different pH readings; pH 4, 5, 7, 7.6, 8 and 9. 10% v/v nitric acid was used to adjust to pH 4 and 10% v/v ammonia solution was used to adjust to pH 7, 7.6, 8 and 9.
4. Concentration of EDTA. To investigate the inuence of the concentration of the EDTA solution on either retention time of the chromium species or peak shape a 5 mg L À1 mixed species standard was prepared in 0.5 mM, 0.6 mM and 0.7 mM EDTA solutions. Each solution was adjusted to pH 8 using 10% v/v ammonia solution, and le to stand at room temperature for 1 hour prior to analysis. 5. Storage stability of EBC samples. Two solutions of 0.5 mM EDTA were prepared and adjusted to pH 7.6 and pH 8 using 10% v/v ammonia solution. Two equal volumes of "blank" EBC were spiked with 5 mg L À1 Cr(III) and 5 mg L À1 Cr(VI). Each of the two spiked concentrations of EBC and a "blank" unspiked EBC sample were aliquoted in triplicate for four sets of samples, and then each diluted 10 fold with the pH 7.6 solution of 0.5 mM EDTA. Four further sets of these three samples were prepared and diluted 10 fold with the pH 8 solution of 0.5 mM EDTA. All samples were capped and le to stand at room temperature for 1 hour. One of the four sets of samples of each pH were analysed by mLC-ICP-MS. The remaining sets were stored in the fridge ($4 C), and analysed at 1 week, 4 weeks and 6 weeks. 6. Optimised method. Separation of Cr(III) and Cr(VI) was achieved using a Dionex AG7 column and an isocratic ow of ammonia solution and nitric acid mobile phase. The mobile phase was prepared daily in ultrapure deionised water, by adding 4% v/v ammonia solution and 3.2% v/v ultrapure nitric acid. The pH was adjusted to between pH 1.8-2 using the ammonia solution. The ow rate of both the mobile phase and sample injection onto the column is controlled by the ICP-MS peristaltic pump at a constant 1 mL min
À1
. The sample is injected onto the column for 30 seconds and overall sample acquisition time is 230 seconds.
The optimised method incorporates a derivatisation step, with a 10 fold dilution of the EDTA solution (at a concentration of 0.5 mM adjusted to pH 8 with 10% v/v ammonia solution) with the EBC sample. From the 1000 mg L À1 single standard stock solutions of Cr(III) and Cr(VI) 100 mg L À1 single and mixed species working solutions were prepared daily. Using the 100 mg L À1 mixed species working solution, calibration standards of 0.01, 0.02, 0.05, 0.1, 0.5, 1, 2 and 5 mg L À1 were prepared in the 0.5 mM EDTA solution using a 10 fold dilution to 50 mL. Blank and spiked EBC samples were diluted 10 fold with the EDTA solution to 1.5 mL. The original 1 in 1000 preparation of the prociency testing material to validate the method was subsequently diluted 10 fold to 50 mL with the EDTA solution.
All samples including standards were le to stand at room temperature for a minimum of 1 hour prior to analysis by mLC-ICP-MS.
Results & discussion
Method development
Following initial work with the AG7 ion exchange column, the simultaneous separation of Cr(III) and Cr(VI) was achieved in spiked aqueous samples using an isocratic ow of 4% v/v ammonia solution and 3.2% v/v ultrapure nitric acid, with pH adjustment to between pH 1.8-2 using the ammonia solution.
Standards made in water.
A spiked aqueous standard was stored at various temperatures for 24 hours prior to analysis to determine stability. The results (see Fig. 3 ) show that Cr(VI) was stable when stored at both room temperature and refrigerated, but species instability and conversion of Cr(VI) to an unknown intermediate chromium species (chromatograms B3 and B4 of Fig. 3 ) with the same retention time as the Cr(III) intermediate was observed when stored frozen at À20 C.
Instability of Cr(III) was observed in all storage conditions (see Fig. 3 ). The pH of water standards is neutral, so it is possible that the unknown Cr(III) intermediate observed in chromatograms (A3) and (A4) of Fig. 3 is a 2. Derivatisation by complexation of Cr(III) with EDTA. The rst thing to note is that by complexing Cr(III) with EDTA the elution order of the two chromium species changes. EDTA does not form a complex with Cr(VI). Without complexation, Cr(III) elutes aer Cr(VI) with a retention time of approximately 4.5 minutes. Cr(III) in solution exists in the form of a cationic hydroxy complex and is retained on the sulfonated region of the column whilst the Cr(VI) ions are retained on the alkyl quaternary ammonium region. However aer complexation the EDTA-Cr(III) complex elutes rst with a retention time of just over 1 minute in the nal optimised method, indicating the anionic EDTA-Cr(III) ions are no longer retained by the column.
The chromatograms in Fig. 4 show that the complexation reaction of Cr(III) with the EDTA solution was not instantaneous but achieved near full complexation aer one hour at room temperature prior to analysis. In many of the studies published where EDTA complexation was used to stabilise or change the charge of Cr(III), concentrations lower than 0.5 mM EDTA were used and heat was also used for the derivatisation reaction to occur. Both Suzuki & Serita 41 and Byrdy et al. 39 heated the samples in a heat block for 1 hour at 50 C; Gurleyuk & Wallschlager 40 heated their samples for 1 hour at 70 C and Leist et al. 47 heated for 1.5 hours at 70 C. This approach would not be practical aer the collection of EBC samples from workers at a place of work, and samples may not be delivered to the laboratory for 24 hours, meaning immediate heating of samples aer collection in a heat block is not a viable option. However, Wolf et al. 27 found that the complexation reaction was fully achieved with 0.5 mM of EDTA when the samples were le to stand at room temperature for 30 minutes prior to analysis; having adjusted the pH of the EDTA solution to pH 7.6. The pH of the EDTA solution used in this study without any adjustment was pH 5, which may explain why the complexation reaction shown in chromatogram B of Fig. 4 was not 100% effective.
3. Effect of pH on the EDTA-Cr(III) complex and Cr(VI). Having undertaken the experiment outlined in Section 2 of the method development -Derivatisation by complexation of Cr(III) with EDTA, it was necessary to determine the effect of pH on the ability of EDTA to successfully complex Cr(III). It can be seen in Fig. 5 that EDTA at pH 4, 5 and 7 did not fully complex and Fig. 7 Chromatograms of two Cr(VI) spiked EBC samples, stored at fridge temperature ($4 C) for 6 weeks prior to analysis using an ESI OneFAST system coupled to a Dionex AG7 anion exchange column and ICP-MS using a nitric acid and ammonia mixed mobile phase. stabilise Cr(III), meaning the elution of Cr(III) resulted in two peaks, whereas EDTA at pH 7.6, 8 and 9 show full complexation of Cr(III). The retention time of the EDTA-Cr(III) complex is the same throughout the pH range, however pH does affect the efficiency of complexation. The pH of the EDTA solution in the study reported by Wolf et al. 27 is within a range of pH 7.2-7.6. Single standards of 5 mg L À1 Cr(VI) were prepared in the three pH solutions of EDTA that achieved full complexation of Cr(III); pH 7.6, 8 and 9. Fig. 6 shows that pH 7.6 and 8 had no effect on Cr(VI); however peak splitting was observed at pH 9. 4. Concentration of EDTA. As pH is an important factor in the complexation of EDTA with Cr(III), it was necessary to determine if the increased concentration of EDTA was also an important factor. As both pH 7.6 and pH 8 have both shown to be a suitable pH for the EDTA solution, pH 8 was selected for the pH of the three different concentrations of EDTA solutions. The varying concentrations of 0.5, 0.6 and 0.7 mM EDTA solution at pH 8 made no difference to the retention, sensitivity or peak shape of either chromium species (data not shown).
5. Storage stability of EBC samples. Having developed the chromium speciation method, storage stability studies of Cr(III) and Cr(VI) in EBC samples were undertaken. Analysis of EBC spiked with single standards of Cr(III) and Cr(VI) at a concentration of 5 mg L À1 diluted 1 in 10 with a 0.5 mM EDTA solution of either pH 7.6 or pH 8 showed that the EBC EDTA-Cr(III) complex was stable with no sign of deterioration or species conversion for the entire 6 week period at both pH values. The Cr(VI) sample was also stable for the 6 week storage period when the Cr(VI) spiked EBC samples were diluted with the pH 8 solution of EDTA. However the Cr(VI) spiked EBC samples that had been diluted with the pH 7.6 EDTA solution showed signs of instability aer only 1 week of storage. At pH 7.6 the Cr(VI) spiked EBC sample began to show a peak at the retention time of EDTA-Cr(III) and this had increased in size when analysed at 4 weeks and again at 6 weeks showing a 6% recovery of EDTACr(III) in an EBC Cr(VI) only sample whereas the pH 8 solution showed no EDTA-Cr(III) at 6 weeks (see Fig. 7 ). The pH of undiluted EBC was seen to range from pH 6-6.5 and, although the prepared EBC was diluted 1 in 10 with the EDTA solution adjusted to pH 7.6, the nal pH of the dilution would be less than pH 7.6. Wolf et al. 27 determined that when the pH of their EDTA/TBAOH solution was less than pH 7.4 more than 10% of their Cr(VI) samples were present as HCrO 4 À and when it dropped to between pH 6 and pH 7 their Cr(VI) sample existed as HCrO 4
2À
. Either the EBC Cr(VI) sample here is slowly reducing to Cr(III) in the neutral to acidic EDTA solution during storage or it is slowly converting to a different compound of Cr(VI) which has the same retention time as EDTA-Cr(III). It is neither appropriate nor practical to measure the pH of each person's EBC sample and adjust accordingly when work place monitoring, so an EDTA solution at pH 8 was chosen to compensate for any reduction in pH as a result of the EBC.
6. Optimised method. The chromatogram in Fig. 8 shows that this optimised method achieves full separation of EDTACr(III) and Cr(VI) in 3 minutes (180 000 ms). The calibration range used in this study was 0-5 mg L À1 for both species of chromium. The limit of detection (LOD) was calculated as three times the standard deviation of the blank; this was 0.006 mg L
À1
and 0.002 mg L À1 for Cr(III) and Cr(VI) respectively. The limit of quantication (LOQ) was calculated as 10 times the mean background equivalent concentration (BEC); this was 0.040 mg L
and 0.013 mg L À1 for Cr(III) and Cr(VI) respectively.
The "blank" EBC spiked at a concentration of 5 mg L À1 , analysed on four separate occasions over the 6 week storage period, gave an average recovery of 91% AE 0.13 for Cr(III) and 95% AE 0.02 for Cr(VI). The prociency testing material when prepared 1 in 1000 for this study has a target value of 2.81 mg L
and an acceptance range of 2.28-3.28 mg L À1 . The PTM sample was analysed three times and gave an average within range result of 2.65 AE 0.03 mg L À1 for Cr(VI).
Calibration standards, samples and quality control material are diluted 10 fold with 0.5 mM EDTA solution adjusted to pH 8 with 10% v/v ammonia solution. These samples are le to stand a minimum of 1 hour prior to analysis mLC-ICP-MS, and can be stored refrigerated for up to 6 weeks. Cr. However the optimised use of the collision cell will avoid most of these interferences. It is also possible that the sample matrix could create additional interferences given that element such as C, O and Cl are abundant in biological samples. The main contributor to a potential high background signal intensity on 52 To investigate the impact of a chloride interference on the chromium species a weak solution of HCl was injected onto the column. Prior to complexing Cr(III) with EDTA, Cl eluted before Cr(VI) and Cr(III). However, aer complexing Cr(III) with EDTA and altering the retention time, when a weak solution of HCl is injected onto the column or added to 'blank' EBC, Cl and EDTA-Cr(III) elute at the same time. However, unlike a urine sample, the chloride content in EBC is negligible, as can be seen in the blank EBC in Fig. 8a . Furthermore the recovery of the spiked sample for Cr(III) in the stability study was 91% so no over recovery from an interference is evident. To conrm the absence of a chloride interference, two EBC samples were collected from ve volunteers who were not occupationally exposed to chromium. There was no signicant peaks obtained at Cr(III) in fact both EDTACr(III) and Cr(VI) were less than the LOQ for all 10 EBC samples analysed.
Conclusion
The method described in this study is a robust and sensitive method for the simultaneous determination of Cr(III) and Cr(VI) in an EBC sample. This speciation method has been validated with spiked samples of blank EBC and a commercially available drinking water prociency testing material sample for Cr(VI). It has been demonstrated that water samples and EBC samples containing Cr(III) and Cr(VI) can be stored in the fridge ($4 C) for up to 6 weeks when they have been diluted 10 fold with the EDTA solution, and that EBC samples must not be frozen aer collection if the integrity of Cr(VI) is to be maintained. This study has developed a practical approach to collecting EBC samples in the workplace from workers who are potentially occupationally exposed to hexavalent chromium and that the integrity of the chromium species will be intact prior to analysis by mLC-ICP-MS. The next stage of this study will be to undertake site visits to collect EBC samples from chromium workers and apply the methods developed here to these 'real' samples.
